Introduction
Voltage-gated K ϩ (Kv) channels play fundamental roles in controlling neuronal excitability and, in most neurons, multiple Kv currents, with unique time-and voltage-dependent properties, are coexpressed. This multiplicity likely has physiological significance in that Kv currents with distinct properties should contribute differently to control resting potentials, input resistances, action potential waveforms and repetitive firing patterns. Nevertheless, it has been difficult to clarify the functional roles of individual Kv currents, primarily because of the paucity of highly specific Kv channel blockers. In addition, although molecular studies have revealed considerable diversity in Kv channel poreforming and accessory subunits, the relationships between these subunits and functional Kv channels are poorly understood (Coetzee et al., 1999; Pongs, 1999; Song, 2002) . Identification of the molecular correlates of neuronal Kv channels would facilitate efforts focused on defining the roles of individual Kv channel types in controlling neuronal firing properties and responses to synaptic inputs.
Rapidly activating and inactivating Kv currents, referred to as I A , are present in many central and peripheral neurons (Rogawski, 1985; Dodson and Forsythe, 2004; Jerng et al., 2004) . Electrophysiological studies suggest that I A channels are predominantly expressed in the somal and dendritic compartments of pyramidal neurons, although transient K ϩ currents are also evident in axons and presynaptic terminals in some cells (Dodson and Forsythe, 2004) . In addition to regulating the excitability and output properties of pyramidal neurons (Bekkers, 2000a,b; Kang et al., 2000) , somatodendritic I A channels modulate the backpropagation (Stuart et al., 1997) of action potentials (into dendrites), impacting synaptic responses and plasticity (Hoffman et al., 1997; Hausser et al., 2000; Johnston et al., 2003) . Patch-clamp recordings suggest that I A densities vary along the dendrites in hippocampal and cortical pyramidal neurons (Hoffman et al., 1997; Johnston et al., 2003) and that the properties of dendritic I A channels are modulated by protein kinase A-and C-dependent phosphorylation (Hoffman and Johnston, 1998; Schrader et al., 2002; Yuan et al., 2002) . As in other parts of the CNS (Song et al., 1998; Tkatch et al., 2000; Song, 2002; Trimmer and Rhodes, 2004) , Kv ␣ subunits of the Kv4 subfamily are robustly expressed in the hippocampus and cortex (Sheng et al., 1992; MaleticSavatic et al., 1995; Serodio and Rudy, 1998) , and Kv4.2 has been shown to be a target of hippocampal protein kinase A (Schrader et al., 2002) . These findings have been interpreted as suggesting that Kv4.2 encodes somatodendritic I A channels (Jerng et al., 2004) .
The experiments here were undertaken to directly test the hypothesis that Kv4 ␣ subunits encode I A channels in pyramidal neurons in (rat) primary visual cortex. In these studies, a mutant Kv4.2 subunit, which functions as a dominant negative, Kv4.2DN (Barry et al., 1998) , was introduced with enhanced green fluorescent protein (EGFP) into cortical neurons using the biolistic "gene gun." Whole-cell recordings from EGFP-positive pyramidal cells revealed that the I A is selectively eliminated in cells expressing Kv4.2DN. In addition, input resistances are increased, (current) thresholds for action potential generation are decreased, action potentials are prolonged, and repetitive firing patterns are altered by the elimination of I A .
Materials and Methods
Isolation and in vitro maintenance of visual cortical neurons. Visual cortical neurons were isolated from postnatal day 4 (P4) to P7 Long-Evans rat pups using previously described methods (Locke and Nerbonne, 1997a) . Briefly, after anesthesia with 5% halothane, animals were decapitated, and the brains were removed. Primary visual cortices were isolated, minced, and incubated in papain-containing solution at 35°C. Isolated cortical neurons were obtained by trituration and subsequent centrifugation. Dissociated cells were resuspended in minimal Eagle's essential medium containing 5% heat-inactivated horse serum and plated at a density of 10 ϫ 10 3 /cm 2 on monolayers of cortical astrocytes [prepared as described by Raff et al. (1979) ]. Cells were maintained in a 95% O 2 /5% CO 2 37°C incubator, and the medium was exchanged every other day.
Transfection of isolated visual cortical neurons. Isolated visual cortical neurons were transfected using the biolistics method, as described previously for sympathetic neurons Nerbonne, 2000, 2002) . In these experiments, 1.6 M gold beads were coated with pCMV-EGFP (Clontech, Palo Alto, CA), which encodes EGFP, or with pBK-CMVKv4.2DN (Malin and Nerbonne, 2002) and pCMV-EGFP in a 4:1 ratio. In some experiments, cells were transfected with a pore mutant of Kv2.1 that also functions as a dominant negative, Kv2.1DN (Malin and Nerbonne, 2002) . In this case, the beads were coated with pBK-CMVKv2.1DN together with pCMV-EGFP in a 4:1 ratio. In all experiments, coated beads were propelled (450 psi; 2 mm carrier distance) into cortical neurons at 2 d in vitro using the biolistics gene gun (Bio-Rad, Hercules, CA). After transfections, the cultures appeared healthy, and the expression of EGFP was detected under epifluorescence illumination within 24 h.
Immunohistochemistry. Immunohistochemical experiments were completed to examine the expression and distribution of Kv4.2 and Kv4.3 in isolated postnatal cortical neurons maintained for several days in vitro. Cultures were prepared as described above and were fixed after 72 h in vitro in 4% paraformaldehyde in PBS at pH 7.4 overnight at 4°C. After washing with PBS and a 1 h incubation in blocking buffer (PBS containing 5% normal goat serum, 0.2% Triton X-100, and 0.1% NaN 3 ), cells were incubated overnight at 4°C with a monoclonal anti-Kv4.2 or a monoclonal anti-Kv4.3 antibody (Brunet et al., 2004) at 2 g/ml in blocking buffer. After washing with PBS, cells were then exposed for 1 h at room temperature to a indocarbocyanine 3-conjugated goat-antimouse IgG secondary antibody (Chemicon, Temecula, CA) diluted 1:1000 in blocking buffer. Labeling was visualized under epifluorescence illumination, and individual Kv4.2-and Kv4.3-expressing cells were photographed.
Electrophysiological recordings. Whole-cell voltage-clamp and currentclamp recordings were obtained from large, pyramidal-shaped wild-type (untransfected) and EGFP-positive visual cortical neurons 48 -72 h after transfection at room temperature (22-25°C). Recording pipettes, fabricated from borosilicate glass using a horizontal puller (model P-87; Sutter Instruments, Novato, CA), had resistances of 2-5 M⍀ when filled with the standard recording solution (see below). Data were collected using an Axopatch 1D patch-clamp amplifier (Molecular Devices, Union City, CA). Experimental parameters were controlled with a P5-120 Gateway 2000 computer (Gateway, Irvine, CA), interfaced to the electrophysiological recording equipment through a Digidata 1200 interface, using the pClamp software (Molecular Devices). For all voltage-clamp recordings, the bath solution contained the following (in mM): 140 NaCl, 4 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, 10 glucose, 0.001 tetrodotoxin (TTX), and 0.1 CdCl 2 , pH 7.4 (310 mOsm). The pipette solution contained the following (in mM): 135 KCl, 10 HEPES, 10 glucose, 10 EGTA, 5 Mg-ATP, and 0.3 Tris-GTP, pH 7.3 (310 mOsm). For current-clamp recordings, the TTX and CdCl 2 were omitted from the bath solution, and the intracellular free-Ca 2ϩ concentration in the pipette solution was fixed at 10
Ϫ7
M by lowering the EGTA concentration to 5 mM in the presence of 1 mM CaCl 2 .
In all experiments, tip potentials were zeroed before membranepipette seals were formed. Depolarization-activated outward K ϩ currents were routinely recorded in response to 300 ms or 6 s depolarizing voltage steps to test potentials between Ϫ30 and ϩ70 mV from a holding potential of Ϫ70 mV. Inwardly rectifying K ϩ currents were recorded in response to 500 ms hyperpolarizing voltage steps to test potentials between Ϫ70 and Ϫ140 mV from a holding potential of Ϫ50 mV. Currents were low-pass filtered at 5 kHz and digitized at 0.2-10 kHz. To examine the kinetics of recovery of the voltage-gated K ϩ currents from steadystate inactivation, a three-pulse protocol was used. Each cell was first depolarized to ϩ50 mV for 10 s to activate and inactivate the outward K ϩ currents. Cells were then hyperpolarized to Ϫ70 mV (or Ϫ90 mV) for varying times, ranging from 10 ms to 9.5 s, before the test depolarization to ϩ50 mV, presented to assess the extent of recovery. Single action potentials and action potential trains were recorded in response to brief (5 ms) and prolonged (500 ms), respectively, depolarizing current injections of variable amplitudes.
Data analysis. Data were compiled and analyzed using Clampfit (Molecular Devices) and Excel (Microsoft, Redmond, WA). The spatial control of the membrane voltage in each cell was assessed by analyzing the decays of the capacitative transients evoked during Ϯ10 mV voltage steps from the holding potential of Ϫ70 mV; only cells with capacitative transients well described by single exponentials were analyzed further. Whole-cell membrane capacitances (C m ) were determined by integration of the capacitative transients evoked during brief (25 ms) subthreshold (Ϯ10 mV) voltage steps from the holding potential (Ϫ70 mV). Input resistances (R in ) were calculated from the steady-state currents recorded in response to the Ϫ10 mV hyperpolarizing voltage steps. Leak currents at Ϫ70 mV were always Յ20 pA and were not corrected. In each cell, the series resistance (R s ) was calculated by dividing the time constant of decay of the capacitive transient by the C m (determined in the same cell). The mean Ϯ SEM R s was Յ9.0 Ϯ 1.5 M⍀, and, in all cells, R s was compensated electronically by ϳ90%. Because current amplitudes were Յ10 nA, voltage errors resulting from the uncompensated R s were always Յ10 mV and were not corrected. Current amplitudes R in and R s were monitored continuously during all recordings. Only cells in which these parameters remained constant were analyzed further.
Peak outward K ϩ currents in individual cells were defined as the maximum value of the outward K ϩ currents evoked during (300 ms or 6 s) depolarizing voltage steps. Plateau (steady-state) outward K ϩ currents were defined as the currents remaining at the end of the 6 s voltage steps. To determine the amplitudes of the individual components of the total Kv currents, the decay phases of the currents were fitted by the sum of two or three exponentials; all parameters were free. Current amplitudes, measured in individual cells, were normalized for differences in cell size (whole-cell C m ), and current densities are reported (in picoamperes per picofarads). The kinetic analyses also provided the time constants of inactivation of the Kv current components in wild-type, EGFPexpressing, and Kv4.2DN plus EGFP-expressing visual cortical pyramidal neurons.
All current-clamp recordings were obtained from cells with overshooting action potentials and stable resting membrane potentials less than or equal to Ϫ50 mV. The (current) threshold for action potential generation in each cell was defined as the minimal current, applied for 5 ms, required to evoke a single action potential. The latency to firing in action potential was defined as the time after the onset of depolarizing current injection required to bring the membrane to the (voltage) threshold for action potential generation. Action potential durations at 50% (and 90%) repolarization were determined by measuring the widths of the action potentials when the membrane voltage had returned halfway (or 90% of the way) back to the resting potential; values are reported in milliseconds. The amplitudes and durations of afterhyperpolarizations were determined by measuring the maximal deflections from, and the time required to return to, the resting membrane potential, respectively.
To examine the effects of Kv4.2DN on repetitive firing, the initial firing frequency (the inverse of the time between the first and second action potentials of the train) was measured in individual cells at different stimulus intensities.
All averaged and normalized data are presented as means Ϯ SEM. The statistical significance of apparent differences between wild-type, EGFPexpressing, and Kv4.2DN plus EGFP-expressing cells was examined using the Student's t test, and, where appropriate, p values are presented in the text.
Results

Outward K
؉ currents in rat visual cortical pyramidal neurons In the experiments here, cortical neurons were isolated from the primary visual cortices of P4 -P7 rats, plated on glial monolayers, and maintained in vitro. Large, pyramidal-shaped neurons were selected for recordings (Desai et al., 1999) , and whole-cell depolarization-activated outward K ϩ currents were recorded in the presence of 1 M TTX and 0.1 mM CdCl 2 to block voltagegated Na ϩ and Ca 2ϩ currents, respectively. Representative outward currents recorded from the majority (16 of 20) of isolated visual cortical pyramidal neurons (see also below) in response to brief (300 ms) and prolonged (6 s) membrane depolarizations to varying test potentials (Ϫ30 to ϩ 70 mV) from a holding potential of Ϫ70 mV are presented in Figure 1 A. The rates of rise and the amplitudes of the currents increase with increasing membrane depolarization; the largest and most rapidly activating current in Figure 1 A was evoked at ϩ70 mV. No outward currents were recorded when the K ϩ in the recording pipettes was replaced with Cs ϩ (n ϭ 7). The depolarization-activated outward currents recorded and analyzed here, therefore, reflect only the currents through Ca 2ϩ -independent Kv channels. Depolarization-activated outward K ϩ currents activate rapidly in wild-type visual cortical pyramidal neurons (Albert and Nerbonne, 1995; Locke and Nerbonne, 1997a) , although there is some variability among cells in peak outward Kv current amplitudes/densities ( Fig. 1C ) and in the decay phases of the currents. Similar results were obtained in cells isolated from animals at P4 -P7, as well as in cells maintained for various times (2-5 d) in vitro. In the vast majority (ϳ80%) of cells, outward K ϩ current waveforms similar to those in Figure 1 A were recorded. As reported previously (Albert and Nerbonne, 1995; Locke and Nerbonne, 1997a) , the decay phases of the outward K ϩ currents in these cells were well described by the sum of three exponentials with mean Ϯ SEM (n ϭ 16) inactivation time constants ( decay ; at ϩ60 mV) of 62 Ϯ 7, 529 Ϯ 72, and 2874 Ϯ 235 ms (Fig. 2 D) . The rapid component of current decay is attributed to the presence of a fast transient outward "A" current, typically referred to as I A (Kang et al., 2000; Shibata et al., 2000; Song, 2002) or I SA (Hoffman et al., 1997; Johnston et al., 2003; Jerng et al., 2004) . The more slowly inactivating (t decay Ϸ 500 ms), transient outward K ϩ current that is also evident in rat visual cortical projection neurons (Albert and Nerbonne, 1995; Locke and Nerbonne, 1997a ) is referred to as I D (Storm, 1988) . The very slowly decaying outward K ϩ current component ( decay Ϸ 3000 ms) is referred to as I K , and the steady-state, noninactivating component of the total depolarization-activated outward K ϩ current is referred to as I ss . In a subset (4 of 20; 20%) of cortical pyramidal neurons, only two exponentials were required to describe the decay phases of the outward currents. The decay time constants derived from these fits were 535 Ϯ 67 and 2527 Ϯ 327 ms, consistent with the expression of only I D and I K (and I ss ) in these cells. In a small subset of cortical pyramidal neurons, therefore, I A is not evident.
Selective elimination of I A in Kv4.2DN-expressing cortical pyramidal neurons
As noted in the Introduction, considerable evidence has accumulated suggesting that Kv4 ␣ subunits encode I A channels in the somatodendritic compartments of cortical and hippocampal pyramidal neurons. Importantly, immunohistochemical experi- ϩ (Kv) currents were recorded from isolated (rat) visual cortical pyramidal neurons in response to 300 ms (left panels) and 6 s (right panels) depolarizing voltage steps to test potentials between Ϫ30 and ϩ 70 mV from a holding potential of Ϫ70 mV. Experiments were conducted as described in Materials and Methods with 1 M TTX and 0.1 mM CdCl 2 in the bath solution to block voltage-gated inward Na ϩ and Ca 2ϩ currents, respectively. Representative recordings from nontransfected, wildtype and transfected EGFP-expressing cells are illustrated in A and B, respectively. C, Mean Ϯ SEM normalized peak outward K ϩ current densities are plotted as a function of test potential. Outward K ϩ current waveforms, peak outward K ϩ current densities, and the current-voltage relation of the peak outward K ϩ currents are indistinguishable in wild-type (WT) and EGFPexpressing (rat) visual cortical pyramidal neurons. D, E, Immunohistochemical experiments (see Materials and Methods) reveal the expression of Kv4.2 (D) and Kv4.3 (E) in the soma and dendrites of isolated cortical neurons. Error bars represent SEM. ments revealed that both Kv4.2 (Fig. 1 D) and Kv4.3 (Fig. 1 E) are readily detected in the cell soma and in the dendrites of cortical pyramidal neurons isolated at postnatal day 5 and maintained for 72 h in vitro. To test directly the hypothesis that I A in these cells reflects the expression of Kv4 ␣ subunits, isolated cortical neurons were transfected with the mutant Kv4.2 dominant-negative (Kv4.2DN) construct (Barry et al., 1998) . In these experiments, gold particles were coated either with cDNA constructs encoding Kv4.2DN and EGFP or with the EGFP cDNA construct alone, and cells were transfected using the biolistics gene gun (see Materials and Methods). Within ϳ24 h of transfection, EGFP expression was readily detected under epifluorescence illumination. Control experiments revealed that the waveforms of the outward K ϩ currents in the vast majority (ϳ80%) of cells expressing EGFP alone (Fig. 1 B) are similar to those recorded in most (ϳ80%) wild-type cells (Fig. 1 A) . The densities and the currentvoltage relationships of the peak outward K ϩ currents in EGFP-expressing and wild-type cortical pyramidal neurons are indistinguishable (Fig. 1C) . The decay phases of the outward K ϩ currents in most cells are best described by the sum of three exponentials (Table 1) , and the relative densities of I A , I D , I K , and I ss in EGFP-expressing and wild-type visual cortical pyramidal neurons are not significantly different (Table 1) . In addition, similar to wild-type cells, in ϳ20% (5 of 26) of the EGFP-expressing cells, the rapidly inactivating current component, I A , was absent (Table 1). The expression of EGFP, therefore, does not appear to measurably alter the properties or the functioning of depolarizationactivated outward K ϩ currents in cortical pyramidal neurons.
The waveforms of the outward K ϩ currents in cells expressing Kv4.2DN (ϩEGFP) (Fig. 2 A) , in contrast, are distinct from those recorded from wild-type (Fig. 1 A) and EGFPexpressing cells (Fig. 1 B) . Specifically, the rapid component of current decay, I A , which is prominent in most wild-type (Fig. 1 A) and EGFP-expressing (Fig. 1B) cortical pyramidal neurons, appears to be missing in cells expressing Kv4.2DN (ϩEGFP) (Fig. 2A) . Peak outward K ϩ current densities at all test potentials are significantly ( p Ͻ 0.001) lower in Kv4.2DN plus EGFP-expressing cells than in cells expressing EGFP alone (Fig. 2B) . The mean Ϯ SEM density of the (plateau) currents remaining at the end of the 6 s depolarizations in EGFP-and Kv4.2DN plus EGFP-expressing cells, in contrast, are not significantly different (Fig. 2C) .
The decay phases of the outward currents in EGFP-expressing cells were best described by the sum of three exponentials (Fig.  2 D) , with mean Ϯ SEM (n ϭ 21) decay values of 67 Ϯ 9, 553 Ϯ 81, and 2994 Ϯ 213 ms (Table 1) , consistent with the expression of I A , I D , I K , and I ss . In contrast, the decay phases of the outward currents in all (n ϭ 25) Kv4.2DN-expressing cells were best described by the sum of two exponentials (Fig. 2 E) , with mean Ϯ SEM time constants of 516 Ϯ 76 and 2529 Ϯ 259 ms (Table 1 ). ϩ currentsandeliminatestherapidcomponentofcurrentdecay(I A )in cortical pyramidal neurons. A, Whole-cell Kv currents were recorded (as described in the legend to Fig. 1 ) from cortical pyramidal neurons expressing EGFP alone or EGFP and Kv4.2DN. As is evident, the waveforms of the currents recorded from cells expressing Kv4.2DNplusEGFP(rightpanel)aredistinctfromthoserecordedfromcellsexpressingEGFPalone(leftpanel).B,MeanϮSEM(nϭ 25) peak outward K ϩ current densities are reduced significantly ( pϽ0.001) at all test potentials in Kv4.2DN plus EGFP-expressing cells. C, In contrast, mean Ϯ SEM plateau outward K ϩ current densities in cells expressing Kv4.2DN plus EGFP and cells expressing EGFP alone are not significantly different. D, E, Exponential fits (plotted as lines in red) to the decay phases of the outward K ϩ currents(plottedaspointsinblack)inEGFP-expressing(D)andKv4.2DNplusEGFP-expressing(E)cellsaredisplayed.D,E,Insets,The currents (plotted as points in black) at the more positive potentials are displayed on an expanded time scale with the fits (plotted as linesinred)superimposed.ThedecayphasesoftheoutwardcurrentsincellsexpressingEGFPalone(D)arenotwelldescribedbythe sum of two exponentials (Da), and three components (Db) are required to fit the experimental data; the arrows are placed to illustrate the differences in the quality of the fits with two (Da) and three (Db) exponential components. In cells expressing Kv4.2DN andEGFP(E),incontrast,therapidcomponentofcurrentdecayisnotevident,andthedecayphasesofthecurrentsarewelldescribed (Ea) by the sum of two exponentials. Error bars represent SEM.
The faster decay time constant ( decay ϭ 516 Ϯ 76 ms) obtained from these fits is significantly ( p Ͻ 0.001) larger than the decay for I A ( (Table 1 ). In addition, the selective elimination of I A observed (Fig. 2) is specific for Kv4.2DN expression. In cells expressing a mutant Kv2.1 dominant-negative construct (Kv2.1DN) that has been shown to selectively block delayed rectifier K ϩ currents in peripheral neurons (Malin and Nerbonne, 2002) , for example, I A densities are indistinguishable from control (wild-type) cells (Table 1) . In pyramidal cells expressing Kv2.1DN, however, I K density is selectively attenuated ( Table 1) .
The whole-cell membrane capacitances (C m ) of Kv4.2DN plus EGFP-expressing cells (mean Ϯ SEM, 22 Ϯ 2 pF; n ϭ 25) and in cells expressing EGFP alone (mean Ϯ SEM, 23 Ϯ 2 pF; n ϭ 30) were not significantly different. In contrast, and as discussed further below, the mean Ϯ SEM input resistance of Kv4.2DN plus EGFP-expressing cells (1.61 Ϯ 0.33 G⍀; n ϭ 25) was significantly ( p Ͻ 0.001) higher than in cells expressing EGFP alone (mean Ϯ SEM, 1.11 Ϯ 0.21 G⍀; n ϭ 30) ( Table 2 ).
The fast component of recovery is eliminated in Kv4.2DN-expressing cortical pyramidal neurons
In addition to rapid inactivation, I A in most neurons is characterized by rapid recovery from inactivation (Jerng et al., 2004) . Subsequent experiments were focused, therefore, on examining the time course of outward K ϩ current recovery from steadystate inactivation. In these experiments, EGFP-and Kv4.2DN plus EGFP-expressing cells were first depolarized to ϩ50 mV for 10 s (prepulse) to inactivate the currents and were subsequently hyperpolarized to Ϫ70 mV for varying times ranging from 10 to 9500 ms (to allow recovery from inactivation). Test depolarizations to ϩ50 mV were then presented to assess the extent of recovery. Typical current waveforms recorded from EGFPexpressing and Kv4.2DN plus EGFP-expressing neurons using this paradigm are illustrated in Figure 3A . The amplitudes of the peak outward K ϩ currents evoked at ϩ50 mV after each recovery period in each cell were determined and normalized to the peak current amplitudes recorded during the 10 s prepulses (in the same cell). Mean Ϯ SEM normalized current amplitudes were then determined and plotted as a function of recovery time (Fig.  3B) . The recovery data for the EGFP-expressing cells (n ϭ 14) were best described by the sum of two exponentials with mean Ϯ SEM recovery time constants ( rec ) (at Ϫ70 mV) of 100 Ϯ 20 and 950 Ϯ 75 ms. The relative contributions of the fast and slow components of recovery of the peak currents were ϳ45 and ϳ35%, respectively; ϳ20% of the peak outward current in wildtype cells is contributed by I ss , which is noninactivating.
Analyses of the current waveforms after each recovery period (in individual records, such as those illustrated in Fig. 3A) provided similar estimates of the relative amplitudes of the fast (I A ) and slow (I D plus I K ) components of the total (peak) outward K ϩ current, as well as of I ss . In cells expressing Kv4.2DN plus EGFP (n ϭ 9), the recovery data were best described by a single exponential with a rec (at Ϫ70 mV) of 1075 Ϯ 125 ms (Fig. 3B) . The fast component of peak outward recovery is eliminated in cells expressing Kv4.2DN plus EGFP (Fig. 3C) , consistent with the loss of I A (Table 1 ). In addition, in Kv4.2DN plus EGFP-expressing cells, the relative contribution of I ss to the peak current (ϳ35%) is increased because of the elimination of I A . In contrast to the marked attenuation of depolarization-activated outward K ϩ currents, no effects of Kv4.2DN expression on inwardly rectifying, I K1 , currents in cortical pyramidal neurons (Fig. 3C,D) were observed.
Action potentials are prolonged in Kv4.2DN-expressing cortical pyramidal neurons
Previous studies have suggested that I A plays an important role in shaping action potential waveforms, in determining interspike intervals, and in regulating repetitive firing in central neurons (Jerng et al., 2004) . Because the time-and voltage-dependent properties of I A vary in different cell types, the functioning of I A is expected to be variable as well as, perhaps, cell-type specific. Although understanding the functional role(s) of I A has long been of interest, previous studies focused on exploring I A functioning directly have been complicated by the paucity of specific I A blockers. Nevertheless, several approaches have been exploited, and novel insights have been provided. Combined action potential and voltage-clamp recordings, for example, suggest that I A channels likely play an important role in action potential repolarization in cortical pyramidal neurons (Kang et al., 2000) . It has also been demonstrated that the input resistances of visual cortical neurons are increased in the presence of an often used I A -selective blocker, 4-aminopyridine (4-AP) (Locke and Nerbonne, 1997b) . In addition, the current thresholds for action potential generation and the latency to firing are reduced, and action potentials are reportedly prolonged significantly ( p Ͻ 0.001) in the presence of millimolar concentrations of 4-AP (Locke and Nerbonne, 1997b) . In visual cortical neurons, however, I D is also blocked effectively by millimolar 4-AP (Locke and Nerbonne, 1997a) . To determine which of the effects of 4 mM 4-AP can be attributable to the loss of I A , subsequent experiments were aimed at evaluating directly the role of I A in shaping the waveforms of individual action potentials and in controlling the repetitive firing properties in visual cortical pyramidal neurons expressing Kv4.2DN.
Action potentials in isolated visual cortical pyramidal neurons are brief, and, in response to prolonged current injections, these cells fire repetitively (Fig. 4 A) . In all cells, action potentials rise rapidly to a maximal potential of approximately ϩ50 mV, and repolarization is rapid (Fig. 4 A) . The waveforms of individual action potentials and repetitive firing patterns evoked in EGFP- a All values are means Ϯ SEM; current densities were determined at ϩ60 mV (holding potential, Ϫ70 mV); n ϭ number of cells.
expressing neurons (Fig. 4 B) are indistinguishable from those recorded in wildtype cells (Fig. 4 A) . As in wild-type cells, single action potentials are routinely evoked by brief (5 ms) depolarizing current injections; the mean Ϯ SEM current threshold for firing was 40 Ϯ 5 pA (Table  2 ). In addition, resting membrane potentials (mean Ϯ SEM, Ϫ55 ϩ 1 mV; n ϭ 30) and action potential amplitudes (mean Ϯ SEM, 104 ϩ 3 mV) measured in EGFPexpressing neurons are indistinguishable from those measured in wild-type cells. Repetitive firing patterns and firing frequencies, in response to prolonged depolarizing current injections in wild-type (Fig. 4A ) and EGFP-expressing (Fig. 4B ) cortical pyramidal neurons, are indistinguishable. By all criteria, therefore, the presence of EGFP does not appear to measurably affect the passive or the active membrane properties of cortical pyramidal neurons. The resting membrane potentials and the amplitudes of evoked action potentials in EGFP-and Kv4.2DN plus EGFPexpressing cortical pyramidal neurons are not significantly different ( Table 2 ). The current thresholds to evoke (single) action potentials in Kv4.2DN plus EGFPexpressing neurons, however, are significantly ( p Ͻ 0.001) lower than in cells expressing EGFP alone ( Table 2) . The latency to action potential firing in response to brief, low-amplitude current injections is shorter in cells expressing Kv4.2DN plus EGFP (Fig. 5B ) compared with wild-type or EGFP-expressing (Fig. 5A) cells. In addition, the waveforms of evoked (single) action potentials in EGFP-expressing (Fig. 5A ) and Kv4.2DN plus EGFP-expressing (Fig. 5B ) cortical pyramidal neurons are distinct. In EGFP-expressing cells, action potential durations, measured at 50% repolarization, ranged from 2.4 to 5.6 ms, with mean Ϯ SEM (n ϭ 30) of 3.8 Ϯ 0.2 ms (Fig. 5D ). Measured at 90% repolarization, action potential durations in these (EGFP-expressing) cells ranged from 4.0 to 11 ms, with a mean of 6.7 Ϯ 0.4 ms (Fig. 5D) . In Kv4.2DN plus EGFPexpressing cells, however, action potential durations at both 50 and 90% repolarization are considerably more variable (Fig. 5D) . In addition to the increased heterogeneity in action potential durations in individual cells (Fig. 5D) , mean (Ϯ SEM) action potential durations at 50 and 90% repolarization are significantly ( p Ͻ 0.001) longer (Fig. 5E ) in Kv4.2DN plus EGFP-expressing neurons than in cells expressing EGFP alone (Table 2) .
The functional effects observed (Fig. 5, Table 2 ) are specific for the expression of Kv4.2DN and the elimination of I A , as demonstrated by the distinct effects of expression of the mutant Kv2.1 dominant-negative construct (Kv2.1DN) that selectively attenuates I K ( Table 1) . As illustrated in Figure 5C , expression of Kv2.1DN has rather modest affects on action potential waveforms in cortical pyramidal neurons. Action potential durations at 90% repolarization are increased with expression of Kv2.1DN (Fig. 5E ), whereas action potential durations at 50% repolarization are unaffected. In addition, the expression of Kv2.1DN does not affect the input resistances or the currents required to evoke action potentials in cortical pyramidal neurons (Table 2 ). There are also marked reductions in the amplitudes and the durations of afterhyperpolarizations in Kv4.2DN plus EGFPexpressing neurons (Fig. 5B ) compared with EGFP-expressing (Fig. 5A ) and wild-type (Fig. 4 A) cells. The mean Ϯ SEM amplitudes of the afterhyperpolarizations in EGFP-expressing and Kv4.2DN plus EGFP-expressing neurons were Ϫ7.8 Ϯ 0.4 and Ϫ1.9 Ϯ 0.3 mV, respectively ( Table 2 ). The expression of Kv2.1DN also affects the amplitudes of afterhyperpolarizations Figure 3. The rapidly recovering outward K ϩ current (I A ) is eliminated, and inward rectifier K ϩ currents are unaffected, in Kv4.2DN plus EGFP-expressing cortical pyramidal neurons. To examine the kinetics of recovery of the outward K ϩ currents from inactivation, a three-pulse protocol was used. After inactivating the currents during 10 s prepulses to ϩ50 mV, EGFP-and Kv4.2 plus EGFP-expressing cortical pyramidal neurons were hyperpolarized to Ϫ70 mV for varying times (ranging from 10 to 9500 ms) before test depolarizations to ϩ50 mV were presented to assess the extent of recovery. A, Representative current waveforms recorded from cells expressing EGFP alone (left panel) or Kv4.2DN plus EGFP (right panel) are displayed. Peak outward current amplitudes evoked at ϩ50 mV after each recovery period in each (EGFP-or Kv4.2DN plus EGFP-expressing) cell were measured and normalized to the peak outward current amplitude recorded from the same cell after the 9.5 s recovery period. B, Mean Ϯ SEM normalized peak K ϩ currents are plotted as a function of recovery time. The rapid component of peak current recovery, clearly evidentinEGFP-expressingcells(nϭ14),isnotevidentinKv4.2DNplusEGFP-expressingcells(nϭ9),consistentwiththeeliminationof I A . C, Representative K ϩ currents recorded from EGFP-expressing (left panel) and Kv4.2DN plus EGFP-expressing (right panel) cells in response to 300 ms voltage steps to test potentials, ranging from Ϫ140 to 0 mV from a holding potential of Ϫ70 mV, are illustrated. D, Mean Ϯ SEM peak K ϩ current densities in EGFP-expressing (n ϭ 10) and Kv4.2DN plus EGFP-expressing (n ϭ 12) cells are plotted as a function of test potential. Over the voltage range of Ϫ140 to Ϫ20 mV, K ϩ current densities in EGFP-and Kv4.2DN plus EGFP-expressing cells are not significantly different. Only at the more depolarized test potentials (Ϫ10 to 0 mV) are peak K ϩ currents significantly (*p Ͻ 0.01) lower in Kv4.2 plus EGFP-expressing cells than in EGFP-expressing cells. Error bars represent SEM. (Table 2) , although the magnitudes of the reductions in amplitudes are considerably smaller than observed with Kv4.2DN.
Repetitive-firing patterns are altered in Kv4.2DN-expressing cortical pyramidal neurons
The effects of Kv4.2DN expression on the repetitive firing properties of cortical pyramidal neurons were examined by measuring the responses of Kv4.2DN plus EGFP-expressing cells to 500 ms depolarizing current injections of varying amplitudes (from 5 to 100 pA). As in wild-type cells (Locke and Nerbonne 1997b) , all EGFP-expressing cortical pyramidal neurons display regularspiking behavior. Firing frequencies increase with stimulus strength (Fig. 6 A) , with maximal firing frequencies observed in the range of 20 -30 Hz under the recording conditions used here. Although there are some differences among cells in the extent of spike-frequency adaptation, the vast majority (Ͼ80%) of EGFPexpressing cortical pyramidal neurons fire repetitively through the duration of the 500 ms current injections, and firing rates increase with increasing depolarizing injections (Fig. 6 A) .
In cortical neurons expressing Kv4.2DN plus EGFP, the current threshold required to evoke repetitive firing is decreased, and the responses to prolonged current injections are altered markedly (Fig. 6) . In response to low-amplitude current injections (5 and 30 pA), Kv4.2DN plus EGFP-expressing cells fire repetitively, and the instantaneous firing frequency is higher (Fig.  6 B) than in cells expressing EGFP alone (Fig. 6 A) . At higher stimulus intensities, however, the increased input resistances of Kv4.2DN plus EGFP-expressing neurons, combined with the loss of I A , results in substantial steady-state membrane depolarization during prolonged current injections (Fig. 6 B) . This steady-state depolarization counters repolarization and slows repetitive firing. In response to 500 ms current injections of larger magnitude (Ն40 pA), Kv4.2DN-expressing cells adapt strongly and actually stop firing (Fig. 6 B) . The elimination of I A , therefore, increases the excitability of cortical pyramidal neurons at low stimulus intensities and reduces excitability of these cells at high stimulus intensities.
Discussion
Kv4 ␣ subunits encode I A in cortical pyramidal neurons A molecular genetic approach, exploiting a mutant Kv4.2 subunit, Kv4.2DN, that functions as a dominant negative (Barry et al., 1998) , was used to test the hypothesis that Kv4 ␣ subunits encode the rapidly activating and rapidly inactivating transient outward K ϩ current, I A , in cortical pyramidal neurons and to explore the functional role of I A in shaping action potentials and controlling repetitive firing in these cells. Previous studies demonstrated that Kv4.2DN is specific for Kv4-encoded channels and that currents encoded by individual Kv4 ␣ subunits, e.g., Kv4.2 and Kv4.3 (Tsaur et al., 1997) , are similarly affected. The results presented reveal that I A is eliminated in cells expressing Kv4.2DN, thereby demonstrating directly that Kv4 ␣ subunits encode I A in these cells. Additional studies will be needed to define the specific role(s) of Kv4.2 and other Kv4 subunits, Kv4.3 and Kv4.1, in the generation of I A in cortical pyramidal neurons.
Neither the amplitudes nor the properties of the other Kv currents, I D , I K , or I ss , which are expressed in cortical pyramidal neurons, are affected measurably by the expression of Kv4.2DN and the resulting elimination of I A . The simplest interpretation of these combined observations is that I D , I K , and I ss reflect the expression of distinct molecular entities and likely are encoded by distinct Kv ␣ subunit subfamilies. The selective attenuation of I K in cells expressing Kv2.1DN is consistent with a role for Kv2.1 in the generation of I K . Additional experiments will be necessary to explore this hypothesis further and to define directly the molecular correlates of I D , I K , and I ss . In addition, however, the observations here that I D , I K , and I ss are unaffected by the expression of Kv4.2DN and the elimination of I A suggest that electrical remodeling does not occur in cortical projection neurons in vitro with the removal of I A .
Functional consequences of the elimination of I A
The simplest interpretation of the observation that the input resistances of cortical pyramidal neurons expressing Kv4.2DN are higher than in cells expressing EGFP alone is that some I A channels in these cells are open at the resting membrane potential. This finding is supported by voltage-clamp data documenting an I A "window current" in the Ϫ70 to Ϫ50 mV range (Stuart et al., 1997) . Elimination of the channels (open at rest) with the expression of Kv4.2DN might be expected to result in membrane depolarization. Interestingly, however, the elimination of I A does not measurably affect the resting membrane potentials of cortical pyramidal neurons, suggesting that channels other than I A channels are the primary determinants of resting potentials in these cells. The impact of the increased input resistances of cells expressing Kv4.2DN, however, is evident in increased membrane excitability. The mean (ϮSEM) current threshold for action potential generation is reduced significantly ( p Ͻ 0.001) in Kv4.2DN-expressing cells, compared with wild-type cells. These results suggest that I A regulates excitability in cortical projection neurons by opposing depolarizing inputs and influencing the current required to reach the threshold for action potential gen- A, B, Single action potentials, evoked by brief (5 ms) depolarizing current injections, and repetitive firing patterns, evoked by prolonged (500 ms) depolarizing current injections, were recorded from isolated wild-type (A) and EGFP-expressing (B) cortical pyramidal neurons, as described in Materials and Methods. The amplitudes and durations of the injected currents are illustrated below the voltage records. As is evident, action potentials in these cells are brief, and afterhyperpolarizations are pronounced. In response to prolonged current injections, the number of action potentials evoked and the rate of firing are increased as the amplitude of the depolarizing current injection is increased.
eration. Because of the increased input resistances of Kv4.2DN-expressing cells, the latency to firing action potentials in response to a low-amplitude current injection is increased significantly ( p Ͻ 0.001).
In addition to increasing excitability, the functional "knock-out" of I A in vitro also results in markedly increased action potential durations. These observations are consistent with previous studies suggesting an important role for I A channels in controlling action potential durations in cortical pyramidal neurons (Locke and Nerbonne, 1997b; Kang et al., 2000) . Indeed, all phases of action potential repolarization are increased significantly ( p Ͻ 0.001) in Kv4.2DN plus EGFP-expressing cells. In addition, the effects of Kv4.2DN expression (and the elimination of I A ) on input resistances and action potential durations are specific. Attenuation of I K in cells expressing Kv2.1DN, for example, has no effect on input resistances, the currents required to evoke action potentials, or action potential durations at 50% repolarization. Only action potential durations at 90% repolarization and the amplitudes of afterhyperpolarizations are measurably affected by the expression of Kv2.1DN. The amplitudes and durations of afterhyperpolarizations are also reduced in cells expressing Kv4.2DN.
Repetitive firing in cortical pyramidal neurons is also affected by the loss of I A . Because of increased input resistances, smaller currents are required to reach the threshold for action potential generation in Kv4.2DN plus EGFP-expressing cells than in cells expressing EGFP alone or in cells expressing Kv2.1DN plus EGFP. In addition, although cells expressing Kv4.2DN fire at higher frequencies in response to smaller current injections than do wild-type cells, excitability is reduced, and firing rates are decreased at high stimulus intensities.
Relationship to previous studies
The results presented here demonstrate directly a role for Kv4 ␣ subunits in the generation of depolarization-activated K ϩ channels in (rat) visual cortical pyramidal neurons. These observations are consistent with previous suggestions that Kv4 subunits (and specifically Kv4.2) encode I A channels in pyramidal neurons in the hippocampus (Sheng et al., 1992; Serodio and Rudy, 1998; Johnston et al., 2003; Jerng et al., 2004; Trimmer and Rhodes, 2004) . Using the same dominant-negative strategy as exploited here, however, it has been demonstrated directly that Kv4 ␣ subunits encode I A channels in (peripheral) neurons isolated from the (rat) superior cervical (sympathetic) ganglia (Malin and Nerbonne, 2000) . A similar strategy was exploited to demonstrate a role for Kv4 ␣ subunits in the generation of I A in cerebellar granule cells (Johns et al., 1997; Shibata et al., 2000) . It has also been reported recently that I A is attenuated in CA1 hippocampal neurons expressing Kv4.2DN (Cai et al., 2004) . To our knowledge, however, this study is the first to demonstrate directly that Kv4 ␣ subunits encode I A channels in cortical pyramidal neurons and to explore the role of I A in regulating the excitability of these cells.
Paradoxically, I A plays a dual role in the regulation of membrane excitability. The expression of I A decreases the input resistance of cortical pyramidal neurons and increases the current (threshold) required to fire an action potential. The presence of I A lowers the excitability of pyramidal neurons at low stimulus intensities because of the fact that some channels are open at rest and function to shunt the impact of depolarizing inputs. The elimination of I A , therefore, increases excitability, at least at low stimulus intensities. It is also clear, however, that I A channels, which activate, inactivate, and perhaps most importantly, recover rapidly from inactivation, function to allow cells to respond to prolonged depolarizing inputs of highly variable amplitudes and durations. When I A is eliminated, action potential repolarization is slowed, afterhyperpolarizations are reduced in amplitude and time course, and repetitive firing is altered. The elimination of I A markedly reduces the response to high-intensity stimuli, and cortical neurons lacking I A actually cease firing during prolonged large-amplitude current injections. The net effect of losing or attenuating I A , therefore, will depend on the stimulus intensity. Given that cortical neurons typically function in a voltage range near rest (or the threshold for action potential generation) and that individual stimuli are low in amplitude and brief, it seems likely that the loss of I A will be evident as an increase (rather than a decrease) in the excitability of cortical pyramidal neurons. Consistent with this view, the attenuation of I A in acquired temporal lobe epilepsy is associated with increased dendritic excitability in CA1 hippocampal neurons (Bernard et al., 2004) .
In the present study, no alterations in the properties or densities of K ϩ (or other) conductance pathways were evident in cells lacking I A , suggesting that, at least over the time course of the experiments here (2-3 d), channel remodeling or plasticity does not occur. These observations are in marked contrast with previous findings in the (lobster) stomatogastric ganglion neurons in which alterations in the expression of wild-type or mutant Shal (invertebrate Kv4) were shown to result in the remodeling of other (specific) ionic conductances (MacLean et al., 2003) . The results presented here are somewhat surprising in light of previous reports suggesting that the intrinsic membrane properties of rat cortical neurons in vitro are quite plastic, changing as a function of previous neuronal activity (Desai et al., 1999) . It has been demonstrated, for example, that voltage-gated Na ϩ and K ϩ current densities are altered in isolated cortical neurons exposed in vitro (for 7 d) to TTX (Desai et al., 1999) . It is possible that these seemingly disparate observations reflect the fact that the specific experimental paradigms used in a previous study (Desai et al., 1999 ) and the present study were quite different. Clearly, additional studies focused on detailing the specific molecular mechanisms involved in regulating and remodeling of the intrinsic cortical neuron membrane properties are warranted. In addition, additional studies will be needed to define directly the role(s) of individual Kv4.x ␣ subunits, as well as the role(s) of putative Kv4 subfamily accessory subunits (An et Repetitive firing is altered in Kv4.2DN plus EGFP-expressing cortical pyramidal neurons. Representative action potential waveforms and repetitive firing patterns recorded from EGFP-expressing (A) and Kv4.2DN plus EGFP-expressing (B) cells. Individual action potentials and action potential trains were evoked by 5 and 500 ms depolarizing current injections, as described in the legend to Figure 4 . In cells in which I A has been eliminated, the current threshold to evoke an action potential is reduced significantly ( p Ͻ 0.001) compared with wild-type cells. At low stimulus intensities, cells expressing Kv4.2DN plus EGFP (B) are more excitable than cells expressing EGFP alone (A), as evidenced by the higher firing rates observed in cells in response to low-amplitude current injections. Although the initial firing rate is increased in both EGFP-and Kv4.2DN plus EGFP-expressing cells with higher stimulus intensities, the effects of increasing amplitude current injections are distinct. In EGFP-expressing cells, the firing frequency increases monotonically with the amplitude of the injected current. In Kv4.2 plus EGFPexpressing cells, however, the frequency of firing is increased in response to low-amplitude current injections compared with cells expressing EGFP alone, although firing is often not maintained. In response to large-amplitude current injections, cells expressing Kv4.2 DN plus EGFP actually cease firing.
